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We demonstrate a nonlinear crystal-based short pulse recirculation cavity for trapping the second harmonic of
an incident high power laser pulse. This scheme aims to increase the efficiency and flux of Compton-scattering
based light sources. We demonstrate up to 36x average power enhancement of frequency doubled sub-millijoule

picosecond pulses, and 17x average power enhancement of 177 mJ, 10 ps, 10 Hz pulses.
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In many applications of high intensity lasers such as
Thomson scattering, cavity ring down spectroscopy and
high-harmonic generation in short gas jets, the incident
laser beam is negligibly modified by the interaction. In
Compton scattering light sources, for example, the con-
version efficiency from laser photons to x-rays is typically
below 10~?. Reusing the residual laser pulse after each
interaction increases the generation efficiency of the pro-
cess. In this letter, we present a novel, high energy pulse
recirculation scheme based on injection and trapping a
single laser pulse inside a passive optical cavity. A thin
nonlinear crystal acts as an optical switch, trapping the
frequency converted light. This technique, termed recir-
culation injection by nonlinear gating (RING) is com-
patible with joule class, 100s of Watts of average power,
picosecond laser pulses.

Existing pulse recirculation schemes rely on either
resonant cavity coupling [1,2] or active (electro-optic
or acousto-optic) pulse switching [3,4] into and out of
the resonator. Active pulse switching schemes are suit-
able for low intensity, nanosecond duration pulses [5].
Resonant cavity coupling requires interferometric cavity
alignment and MHz repetition rates. To date, researchers
have attained up to 100x enhancement for 1 W average
power, =50 fs duration incident pulses with per pulse
energy <1 puJ. We have previously described the concept
of RING along with preliminary results [6].

The primary motivation for RING is the average
brightness enhancement of high peak power y-rays gener-
ated by laser Compton scattering. A new generation of
monoenergetic y-ray sources utilize joule-class, ~10 ps
interaction laser focused to overlap with a counterprop-
agating, relativistic, low emittance, electron beam. The
principle of RING is illustrated in Fig. 1(b). The inci-
dent (1lw) laser pulse is injected into the cavity through a
highly transmissive dichroic mirror and is then frequency
doubled. The nonlinear crystal acts as an optical switch,
modifying both the frequency and the polarization of
the incident light. The crystal thickness is optimized for
high conversion efficiency. The dichroic resonator mir-
rors transmit at lw and reflect at 2w, trapping the up-

(b)

Fig. 1. (a) RING cavity design showing two vacuum
chambers that contain the nonlinear crystal and dichroic
mirrors. (b) Raytraced beam inside and outside the
RING cavity.

converted 2w pulse inside the cavity. An interaction of
the laser pulse with e. g. an electron beam would occur
at the internal cavity focus. After repeated roundtrips
inside the cavity, the laser pulse decays due to Fresnel
losses at the crystal faces and cavity mirrors, and hard
edge diffraction losses. We implement RING cavity in a
Fabry-Perot configuration (Fig. 1(b)) to maximize the
cavity finesse. The confocal arrangement relay images
any plane within the cavity back onto itself, which min-
imizes diffraction losses and supports an arbitrary in-
cident spatial profile. Compared to active pulse switch-
ing, the main advantage of RING is an order of magni-
tude reduction of the accumulated nonlinear phase with
each roundtrip. For typical incident pulse intensities of
1-10 GW/cm?, the nonlinear crystal thickness is a few
mm, compared to a few cm thick crystal inside a Pockels
cell.

Here, we report on both millijoule and joule scale pulse



recirculation. The difference in the RING cavity designs
for the two experiments involves the aperture size of the
optical components and the choice of the doubling crys-
tal. The experimental design is shown in Fig. 1(a) (b).
Two concave 750 mm radius of curvature (ROC) mir-
rors spaced approximately 750 mm apart form a confo-
cal resonator. The mirrors’ multi-layer dielectric coating
on the surface internal to the cavity is 99.8% reflective
at 527 nm and 98% transmissive at 1053 nm. The mir-
rors’ flat surface external to the cavity is anti-reflection
coated at both wavelengths.

In the low energy experiment, we inject a 10 Hz,
1.7 mJ, 10 nm bandwidth pulse centered at 1053 nm
and chirped to 2.25 ps through the right 17 diame-
ter cavity mirror, which is a negative lens in transmis-
sion. Upstream beam sizing optics produce a collimated
wo=4 mm gaussian inside the cavity. A 10x10x1 mm
Type I SHG BBO crystal is next to the end cavity mir-
ror. The crystal has a single layer MgFy AR coating at
both wavelengths (0.3% loss per surface). The choice
of BBO is motivated by its excellent thermomechani-
cal properties, broad spectral and thermal acceptance,
and a relatively low nonlinear index to effective non-
linear coefficient ratio, ng/der. We measure 270 uJ at
527 nm after the crystal, corresponding to peak inten-
sity ~ 0.8 GW/cm?. The majority of the residual IR
is coupled out of the cavity through the end mirror.
We observe ghost reflections from crystal and mirror
surfaces which complicate cavity alignment. The cavity
length, L.q,=ROCHAL, where AL=L.(1-1/n.). Here,
L. is the crystal’s thickness and n,. is its refractive index
at 2w. AL=2 mm for our parameters. Inside the cav-
ity, the 2w beam is collimated when traveling from right
to left, and focuses in the middle when traveling in the
opposite direction. The cavity is contained inside two
interconnected vacuum chambers. Remotely controlled
actuators adjust the tip and tilt of both cavity mirrors,
the phasematching angle of the nonlinear crystal, and
the cavity length. The chambers are pumped down to
103 Torr range to minimize nonlinear phase accumula-
tion and prevent air breakdown.

We measure cavity enhancement at 2 w, defined as
enh = Zﬁ;o I, /Iy, where I, is pulse power after n
roundtrips, and N is the total number of roundtrips,
by analyzing the cavity ring-down signal. The leakage
527 nm light passes through the end mirror, and is col-
lected on a 1.2 GHz Si photodiode (EOT-2030) and sam-
pled by a 15 GHz oscilloscope. Dichroic mirrors and
green bandpass filters scrape off any residual IR from the
detected beam. Fig. 2(a) shows the measured signal con-
sisting of approximately 170 pulses spaced by the 5 ns,
cavity roundtrip time. Impedance mismatch between the
photodiode and the oscilloscope introduces some ringing
in the recorded waveform.

The circles in Fig. 2(a) correspond to the normal-
ized power in each pulse, determined by integrating the
voltage signal. The expected power in each successive
pulse is (1 — «) times the power of the previous pulse,
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Fig. 2. Cavity ring-down signal for (a) 270 pJ and (b)
177 mJ 2 w beam. A dashed line is a fit to the residual
power (small circles) in the pulse after each roundtrip.
The figure inset shows the 5 ns pulse to pulse spacing.

or I,=Iy(1 — )™, where I is the initial signal power
and « is the loss per roundtrip. The total cavity en-
hancement is then [1-(1-a)"]/«. The dashed line in the
figure is a fit to pulse power with a = 0.025, corre-
sponding to enh=40. Contributions above the 1.8% Fres-
nel losses, could be attributed to hard edge diffraction
and scattering in the nonlinear crystal. In the measured
trace, the ratio of the powers in the first to the sec-
ond pulses is larger than for subsequent pulses; an effect
caused by additional diffraction losses during the first
pass. The waveform also exhibits ”picket fence” effect,
where the power of many pulses is higher than of the ad-
jacent pulses. This is likely caused by a slight cavity mis-
alignment. We explicitly calculate cavity enhancement
by summing over all of the observed pulses, obtaining
enh=36. We estimate the total accumulated nonlinear
phase, q&NL:%"zL;I"”’“ 1=(1=0)" (.7 rad, where, n is
the nonlinear refractive index (8.8x10716 cm?/W).

In the high energy experiment, we utilized a hyper-
dispersion CPA system under development at LLNL [7].
Both the spatial and the temporal profiles exhibited sig-
nificant aberrations. We injected 10 Hz, 677 mJ, 0.25 nm
bandwidth pulses at 1064 nm with a FWHM pulse du-
ration of 20 ps. Autocorrelation measurements of the IR
pulse indicate that 70% of the 677 mJ is contained in
a wide 400 ps pulse pedestal. Compared to the low en-
ergy experiment, the main changes to the RING cavity




involve replacing 1”7 diameter cavity mirrors with 2”7 di-
ameter mirrors and replacing the small aperture BBO
crystal with 30x30x6 mm deuterated potassium dihydro-
gen phosphate (DKDP) cut for Type II phasematching.
After frequency doubling, we generate 177 mJ at 532 nm
in an slightly elliptical 12x15 mm FWHM beam. Com-
puter simulations indicate that the pulse at 532 nm is
16 ps FWHM and 50% of total energy is contained in
the wide pedestal. We estimate the resulting peak pulse
intensity at 4 GW /em?.

The high energy ring-down signal is shown in Fig. 2(b).
We observe pulses over =50 roundtrips. Here, the loss
coefficient, a=0.06, resulting in cavity enhancement,
enh=17, the same value as obtained by explicitly sum-
ming the powers in each pulse. The estimated total non-
linear phase is 2.8 rad. We attribute the significant degra-
dation in cavity enhancement to the poor spatial beam
quality of the high energy lw laser. The near field spa-
tial profile suffers from high frequency intensity modula-
tion causing high hard edge diffraction losses at the crys-
tal. When we replaced the DKDP crystal with a smaller
aperture 20x20x1.2 mm BBO crystal, higher diffraction
losses reduced cavity enhancement to 11.

RING cavity design is scalable to very high peak and
average power recirculation. Linear absorption in the
crystal is the primary limitation to the maximum sus-
tainable average power inside the cavity. LBO, YCOB,
and BBO crystals are particularly attractive candidates
for high average power operation. YCOB and LBO are
also available in a large aperture, allowing scaling to high
peak powers. For a simple edge cooling scheme, finite el-
ement simulation of the thermal profile inside the crystal
indicate that LBO and YCOB support up to 1.2 kW of
total recirculating power. Assuming cavity enhancement
of 30 and 50% conversion efficiency, this corresponds to
75 W in the incident 1 w pulse. The peak recirculating
power limit could be significantly increased with surface
cooling schemes.

Nonlinear phase accumulation in the crystal is the
primary limit to peak power scaling. For a gaussian
pulse, the bandwidth doubles for ¢xnr~2.4. In monoen-
ergetic gamma-ray generation, this increases the band-
width of the generated photons [8]. Other deleterious
effects include whole beam self-focusing and modulation
instability growth. Increasing beam size and correspond-
ingly the aperture of the cavity optics mitigates nonlin-
ear phase accumulation. DKDP crystals are available in
sizes up to 40x40 cm, potentially enabling recirculation
of 100 J, 10 ps pulses.

Highest attainable cavity enhancement is a func-
tion of roundtrip cavity losses and ¢nr. Assuming
that ¢nr <2.5, we calculate cavity enhancement vs
loss per roundtrip (Fig 3). Cavity enhancement is
plotted for three different pulse intensities. We as-
sume LBO parameters for the nonlinear medium, with
no=3x10"1% cm?/W and L. = 2,/1/10. Crystal thick-
ness, L. and initial 2w pulse intensity, I, are specified in
mm and GW /cm?, respectively. We also assume a cavity
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Fig. 3. Simulation of maximum cavity enhancement vs
the loss per cavity roundtrip for three incident pulse in-
tensities. We assume that LBO is the nonlinear switch
and ¢y < 2.5.

configuration where the nonlinear crystal is single-passed
in each roundtrip. From the plot, when I=5 GW /cm?,
the maximum enhancement of 50 is achieved for a<0.02
given sufficient number of roundtrips. As cavity loss de-
creases below 0.02, ¢nr=2.5 limit is reached in fewer
roundtrips. For a>0.02, ¢n1 <2.5.

We presented a novel pulse recirculation design suit-
able for trapping short, high peak power pulses. RING
recirculation minimizes pulse dispersion and nonlinear
phase accumulation which limits the performance of ac-
tive pulse switching schemes. We achieved 36x cavity en-
hancement for sub mJ and 17x enhancement for 177 mJ,
few picosecond pulses. Deploying RING on a Compton
scattering light source could lead to more than an order
of magnitude increase in average source brightness of the
generated vy-ray flux.
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